Coral reef ecosystems are rapidly changing, and a persistent problem with monitoring changes in reef habitat complexity rests in the spatial resolution and repeatability of measurement techniques. We developed a new approach for high spatial resolution (<1 m) mapping of nearshore bathymetry and three-dimensional habitat complexity (rugosity) using airborne high-fidelity imaging spectroscopy. Using this new method, we mapped coral reef habitat throughout two bays to a maximum depth of 25 m and compared the results to the laser-based SHOALS bathymetry standard. We also compared the results derived from imaging spectroscopy to a more conventional 4-band multispectral dataset. The spectroscopic approach yielded consistent results on repeat flights, despite variability in viewing and solar geometries and sea state conditions. We found that the spectroscopy-based results were comparable to those derived from SHOALS, and they were a major improvement over the multispectral approach. Yet, spectroscopy provided much finer spatial information than that which is available with SHOALS, which is valuable for analyzing changes in benthic composition at the scale of individual coral colonies. Monitoring temporal changes in reef 3D complexity at high spatial resolution will provide an improved means to assess the impacts of climate change and coastal processes that affect reef complexity.
Introduction
Coral reef ecosystems are increasingly threatened by coastal development, resource extraction, and climate change [1] . Mass bleaching events are generating widespread changes in the cover and relative abundance of reef-building hard corals, with cascading effects on fishes, invertebrates, and other inhabitants of reef communities [2] . Aggressive coastal resource and land use alter reef habitat through physical and chemical damage [3] . Reductions in reef fish abundance also negatively impact coral health and favor regime shifts from coral-to algal-dominated ecosystems [4] . The resulting effects of these combined variable and dynamic forces on coral reef composition and habitat structure have been poorly quantified on nearly all coral reef ecosystems worldwide.
Further complicating matters, many of these changes occur at the ecological scale of individual coral colonies and mosaics of species that are not easy to measure or monitor over large areas. We need approaches to assess within-reef change at the resolution of organisms or groups of organisms. A critically important measure of reef condition is three-dimensional (3D) habitat complexity or rugosity [5] . This family of metrics quantifies the amount of vertical variation in the surface relative to a flat representation of the same region. With bathymetric maps, these metrics are typically computed for a square window region and are inherently dependent upon map scale. Larger pixel sizes will result in complexity values that represent broad geological features more than biological ones. When calculated at the correct scale or granularity, these measures characterize the habitable space for a wide variety of interacting organisms including fish, mobile and sessile invertebrates, aquatic plants, and corals [6, 7] .
A persistent problem with monitoring changes in 3D habitat complexity rests in the spatial resolution and repeatability of measurement techniques. Diver-based monitoring is extremely limited in space and time, while satellite-based approaches have not resolved the benthic surface at the resolution of coral colonies [8] . Current high-resolution, reef-scale approaches for 3D benthic mapping primarily utilize SONAR (sound navigation and ranging) and LIDAR (light detection and ranging) technologies [9, 10] . Ship-based SONAR has proven valuable for generating detailed bathymetry and reef rugosity information at high spatial resolution. However, the use of SONAR forces a major operational trade-off between areal coverage and boat access, especially to nearshore reef habitats [11] . For this reason, airborne LIDAR in the blue-green portion of the spectrum was developed to increase access to bathymetric information, and SHOALS (Scanning Hydrographic Operational Airborne LIDAR Survey) systems provide accurate data in waters to depths exceeding 20 m in low-turbidity conditions [12, 13] .
Optical remote sensing approaches to benthic mapping have also long been available from multispectral imagers [14] . These methods provide estimates of water depth or bathymetry from which benthic 3D habitat complexity can be estimated [15] . Spaceborne multispectral remote sensing can provide estimates of bathymetry at finer than 10 m resolution through parametric models of water properties [16, 17] or simple ratios of spectral band values [18] . However, limitations in the spectral detail preclude estimates of depth to the tight tolerances needed for 3D habitat complexity applications such as reef restoration [19] . At depths greater than 6-8 m, only the blue and green bands provide any information due to water attenuation of light at longer wavelengths. As a result, estimates of depth are greatly affected by water properties such as chlorophyll and turbidity. Additionally, models based on just two or so wavelength regions are heavily dependent on locally-fit parameters and are not applicable to larger study areas. Airborne imaging spectroscopy (or hyperspectral imaging) has emerged to potentially improve high-resolution bathymetric mapping [20, 21] . Imaging spectrometers record the solar-reflected optical spectrum in narrow, contiguous spectral channels, thereby capturing spectral features that otherwise are averaged out by multispectral broadband imagers. This additional information may allow for improved separation of water properties and sea floor reflectance.
We sought to develop a very high-resolution (<1 m) approach to bathymetric mapping from airborne high-fidelity imaging spectroscopy that improves upon current methods and reveals the 3D habitat complexity of a reef ecosystem at the resolution of individual coral colonies and other aggregated benthic organisms. A key goal was to develop a method that can be applied over large areas of reef on a repeated basis, thereby obviating the need for diver-based methods in the future.
Materials and Methods

Airborne Data Collection and Study Sites
We collected airborne high-fidelity imaging spectroscopy data using the Global Airborne Observatory (GAO), formerly known as Carnegie Airborne Observatory [22] . What sets a high-fidelity imaging spectrometer apart from more standard commercial-grade instrumentation rests in the photon-level sensitivity and uniformity of the optical system. The GAO visible-to-shortwave infrared (VSWIR) imaging spectrometer is one of two in its class, the other being the Jet Propulsion Laboratory AVIRIS-NG [23] . High-fidelity systems track incoming photons spatially and spectrally to tolerances that provide demonstrably high signal-to-noise, image uniformity, and data stability results [24] . These capabilities are needed for mapping benthic surfaces because signal attenuation is severe in seawater. We collected the GAO data on multiple dates between June 13, 2017 and January 13, 2018 over two study embayments on the west coast of Hawai'i Island ( Figure 1 , Table 1 ). The first site, Honaunau Bay (19 • 25 25"N, 155 • 54 45"W), was mapped five times, and the second site, Pāpā Bay (19 • 12 40"N, 155 • 54 02"W), was mapped six times. Honaunau Bay is located on the south-central leeward coast of Hawai'i Island, and Pāpā Bay is located in the far south portion of the same coast. Both study bays are approximately 100 ha in size but the depth ranges for scleractinian corals vary. Large (>0.5 m diameter) coral colonies are found from 2-20 m in Honaunau Bay, whereas the large colonies in Pāpā Bay are common from 10-30 m. These two bays are typical of embayments found in the Hawaiian Islands. As a pair, the two bays incorporate the most common coral species found in the archipelago, and they represent the full range of coral-dominated depths in the primary euphotic zone. Both sites were severely impacted by the 2015 marine heatwave that drove up to 30% coral mortality in both bays [25] . We collected the GAO data on multiple dates between June 13, 2017 and January 13, 2018 over two study embayments on the west coast of Hawaiʻi Island ( Figure 1 , Table 1 ). The first site, Honaunau Bay (19°25′25″ N, 155°54′45″ W), was mapped five times, and the second site, Pāpā Bay (19°12′40″ N, 155°54′02″ W), was mapped six times. Honaunau Bay is located on the south-central leeward coast of Hawaiʻi Island, and Pāpā Bay is located in the far south portion of the same coast. Both study bays are approximately 100 ha in size but the depth ranges for scleractinian corals vary. Large (>0.5 m diameter) coral colonies are found from 2-20 m in Honaunau Bay, whereas the large colonies in Pāpā Bay are common from 10-30 m. These two bays are typical of embayments found in the Hawaiian Islands. As a pair, the two bays incorporate the most common coral species found in the archipelago, and they represent the full range of coral-dominated depths in the primary euphotic zone. Both sites were severely impacted by the 2015 marine heatwave that drove up to 30% coral mortality in both bays [25] . Each data collection flight utilized two co-aligned instruments: The VSWIR imaging spectrometer and a dual-channel airborne LIDAR. During each data collection, flights were performed at an airspeed of 60 m s −1 and an elevation of 650 m above ground level for Honaunau Bay and 400 m for Pāpā Bay. The LIDAR was operated at a pulse frequency of 200 kHz, a scan frequency of 34 Hz, and an effective field-of-view of 34 • to match the VSWIR spectrometer. While the 1064 nm laser of the LIDAR system does not penetrate the water surface, enough points from specular reflection of the water surface are recovered to produce a water surface map for use in spatial orthorectification of the VSWIR spectrometer data. Spectrometer data were collected in 427 spectral channels between 350 and 2500 nm in 5 nm increments [22] . Mapping conditions, including solar and sensor geometries as well as wind and tide levels, varied widely between and within each flight coverage (Table 1) . This variation facilitated an analysis of the repeatability and stability of our bathymetric and 3D rugosity mapping approach.
Data Processing
Sea surface maps produced from the LIDAR data were used to orthorectify the VSWIR spectrometer data. Error in LIDAR point cloud vertical position was < 10 cm (root mean squared error) and was processed to digital surface maps using LAStools (Rapidlasso GmbH; Gilching, Germany). Each VSWIR spectrometer pixel was matched with a position and orientation from the post-processed trajectory derived from the onboard GPS-IMU navigation system, adjusted by known boresight and position offsets between the two instruments. Using a ray-tracing procedure onto the LIDAR-derived sea surface map, we determined the position of each spectrometer pixel, and used this to transform the spectrometer data into a UTM coordinate system. The final resolution of the spectrometer images was 65 cm for Honaunau Bay and 40 cm for Pāpā Bay.
The spectral radiance data recorded by the VSWIR spectrometer were converted to sea surface reflectance by accounting for lighting and atmospheric effects. For atmospheric correction, we used a modified version of the ATREM model with LIDAR-derived observation angles and elevation as inputs [20, 26] . The orthorectified surface reflectance data were mosaicked for each timestep using the criterion of minimum view zenith angle for overlapping areas between adjacent flight lines.
Bathymetric Modeling
The US Army Corps of Engineers was commissioned to map portions of the Hawaiian Islands using a SHOALS system in 2013 [12] . Data from this campaign were acquired as 3D point locations Remote Sens. 2020, 12, 310 5 of 14 describing the horizontal location of the laser returns with mean tide-corrected water depth at 6 m spatial resolution. We created a large training data set comprised of SHOALS depths and co-located VSWIR spectra for use in a regression model to estimate benthic surface depth from all overpasses of the VSWIR spectrometer recorded by the GAO in the Hawaiian Islands. Because of water absorption at longer wavelengths, the extracted GAO spectra were limited to the first 120 VSWIR bands, covering wavelengths from 346.6-942.5 nm. Across the recorded VSWIR coverage, this resulted in 18,623,871 training points, each with data for the 120 VSWIR spectral bands and SHOALS-derived depth. We did not correct for tides prior to fitting the model, as tide differences over such a large number of samples and over such a long time period were expected to average out during model training.
We used the TensorFlow package [27] in Python (Python Software Foundation) to train a feed-forward neural network with the 120 VSWIR spectral bands of spectral data as input, four hidden layers of 200 nodes each using a relu activation function, and a single node in the output layer using a linear activation function. A mean-squared-error loss function was selected. During training, we evaluated model performance in a 10-fold cross-validation approach. For each fold, 80% of the data were used for training, 10% for validation (used as stopping criteria), and 10% for a test set, arranged in such a way that each point was used in training eight times, as validation once, and as testing once.
In the end, we generated a prediction for each data point from a model in which that point was not used in the training set or as stopping criteria. We used the ADAM optimization algorithm [28] to fit the network coefficients to the training data, with an automatic stop determined as no improvement in the validation set loss value in 30 epochs. During the cross-validation, optimization took between 109 and 168 epochs before stopping criteria for each fold.
To assess value in model prediction afforded by the full 120-band spectra available from the VSWIR imaging spectrometer, we trained a second model using a transformation of the 120-band data to four broadband channels matching the spectral response and range of bands 2-5 (Blue, Green, Red, NIR) of the Sentinel-2B satellite ( Figure 2 ) [29] . In this transformation, for each of the four Sentinal-2B bands considered, a weighted average of the spectrometer reflectance spectrum was computed, where the weight for each spectrometer band was the coefficient from the given spectral response curve at the wavelength nearest to the spectrometer band center. Input variables into the second model included these four computed spectral bands, as well as ratios of green: Blue, red: Blue, infrared: Blue, red: Green and infrared: Green, making nine factors in total. We used the same modelling approach as for the full spectrometer data, except the number of nodes in each layer was 30. With fewer parameters, optimization was faster, taking between 37 and 92 epochs to reach stopping criteria for each fold.
Three-Dimensional Complexity
We applied the Vector Ruggedness Measure [30] to the bathymetric maps derived from VSWIR imaging spectroscopy and SHOALS to investigate spatial patterns derived at high spatial resolution. The VRM is a widely used surface roughness metric that incorporates variation of slope and aspect into a single measurement [31] [32] [33] . For each cell in a user-defined floating window, a unit vector orthogonal to the cell is decomposed using the three-dimensional location of the cell center along with the slope and aspect. The magnitude is standardized by dividing the number of cells in the neighborhood. Finally, the value is scaled with 0 representing flat and 1 as the most rugged. Typical benthic values are small (<0.4) in natural data [32] . We used two analytical window sizes to assess individual coral colony and reef-scale patterns: 7 pixels (4 m at Honaunau Bay and 3 m at Pāpā Bay) and 21 pixels (13 m at Honaunau Bay and 8 m at Pāpā Bay). To directly compare maps derived from the VSWIR and SHOALS approaches, we resampled the higher resolution VSWIR spectrometer maps using a median filter to 6 m to match the SHOALS depth maps. We then computed rugosity values for each of two grid sizes: 7 pixels (42 m) and 15 pixels (90 m). Following the comparison between VSWIR and SHOALS methods, we focused on the interpretation of the full-resolution VSWIR-based approach in order to assess reef complexity at the finest possible granularity. 
We applied the Vector Ruggedness Measure [30] to the bathymetric maps derived from VSWIR imaging spectroscopy and SHOALS to investigate spatial patterns derived at high spatial resolution. The VRM is a widely used surface roughness metric that incorporates variation of slope and aspect into a single measurement [31] [32] [33] . For each cell in a user-defined floating window, a unit vector orthogonal to the cell is decomposed using the three-dimensional location of the cell center along with the slope and aspect. The magnitude is standardized by dividing the number of cells in the neighborhood. Finally, the value is scaled with 0 representing flat and 1 as the most rugged. Typical benthic values are small (<0.4) in natural data [32] . We used two analytical window sizes to assess individual coral colony and reef-scale patterns: 7 pixels (4 m at Honaunau Bay and 3 m at Pāpā Bay) and 21 pixels (13 m at Honaunau Bay and 8 m at Pāpā Bay). To directly compare maps derived from the VSWIR and SHOALS approaches, we resampled the higher resolution VSWIR spectrometer maps using a median filter to 6 m to match the SHOALS depth maps. We then computed rugosity values for each of two grid sizes: 7 pixels (42 m) and 15 pixels (90 m). Following the comparison between VSWIR and SHOALS methods, we focused on the interpretation of the full-resolution VSWIR-based approach in order to assess reef complexity at the finest possible granularity.
Results
The neural network model trained with the 120-band spectra performed notably better than the model trained with the simulated 4-band data (Figure 3 ). The full model resulted in a root mean squared error (RMSE) between VSWIR and SHOALS of 2.0 m, with a mean absolute deviation (MAD) of 1.2 m (Figure 3b ) across the aggregated test data set. The computed R 2 statistic was 0.96. The model also correctly labeled 95.3% of non-water samples. Remaining non-water pixels could be filtered using additional spectral filters, where reflectance in the near-to shortwave-infrared wavelengths are near to zero over water. In comparison, the reduced 4-band model had approximately double the error, with an RMSE of 4.0 m, MAD of 2.6, and R 2 of 0.82. Improvement in prediction accuracy and precision from the spectral detail available in the spectrometer data was found at all SHOALS- Figure 2 . Sentinel-2B spectral response curves used for calculation of the 4-band dataset derived from VSWIR imaging spectrometer data. An example Global Airborne Observatory VSWIR spectrum from 1-m deep water is given for reference. The broad bands from multi-spectral sensors average over spectral feature information.
The neural network model trained with the 120-band spectra performed notably better than the model trained with the simulated 4-band data (Figure 3 ). The full model resulted in a root mean squared error (RMSE) between VSWIR and SHOALS of 2.0 m, with a mean absolute deviation (MAD) of 1.2 m (Figure 3b ) across the aggregated test data set. The computed R 2 statistic was 0.96. The model also correctly labeled 95.3% of non-water samples. Remaining non-water pixels could be filtered using additional spectral filters, where reflectance in the near-to shortwave-infrared wavelengths are near to zero over water. In comparison, the reduced 4-band model had approximately double the error, with an RMSE of 4.0 m, MAD of 2.6, and R 2 of 0.82. Improvement in prediction accuracy and precision from the spectral detail available in the spectrometer data was found at all SHOALS-measured depths, reducing the errors seen in the reduced model even into the >30m water depth range. Errors can be found from both models that are attributed to a number of causes beyond model-driven error, including positional error, refraction, smoothing inherent in the 5 m SHOALS data, tide variability, waves, and data quality (e.g., shadow, glint). In both cases, model prediction error increased with depth, as the signal-to-noise ratio decreases with depth, and many of the sources of errors compound with increasing depth.
Bathymetric Maps
The spectroscopic mapping approach provided consistent depth results among all mapping dates, which incorporated a wide range of illumination and sea conditions (Table 1; Figure 4 ). The repeatability of an optically-based approach proved sufficient to consider it stable for more general use. Although the VSWIR-vs-SHOALS transect comparisons indicated some areas of disagreement, the overall spectroscopic depth results matched the SHOALS depths to greater than 20 m in Pāpā Bay and 30 m in Honaunau Bay. Disagreement between the two approaches could be due to the difference in resolution in steeply sloping areas, uncertainties in either method related to positioning or water conditions, or changes in benthic structure between 2013 when the SHOALS data were collected and 2018-2019 when the VSWIR data were acquired. Nonetheless, scatterplots revealed the overall agreement between VSWIR and SHOALS approaches, showing no systematic bias and close adherence to the 1:1 line, and with RMSE values of 2.5-2.9 m for individual dates at Honaunau Bay and 2.3-3.3 m for individual dates at Pāpā Bay ( Figure 5 ). When the various VSWIR bathymetric maps were combined and the median depth calculated, the RMSE was 2.4 m for Honaunau Bay and 1.7 m for Pāpā Bay.
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Reef Rugosity
Comparing the native 6-m resolution SHOALS-based rugosity to a VSWIR-based rugosity map artificially coarsened to the same resolution, we found that there was general agreement between the two approaches (R 2 = 0.58) (Figure 6a,b) . At these coarser resolutions, rugosity mainly reveals the slope of the seafloor, and does not resolve the presence of individual coral colonies and other fine benthic features. This is a common finding in our use of data at spatial resolutions of 3 m or coarser (data not shown). 
Comparing the native 6-m resolution SHOALS-based rugosity to a VSWIR-based rugosity map artificially coarsened to the same resolution, we found that there was general agreement between the two approaches (R 2 = 0.58) (Figure 6a,b) . At these coarser resolutions, rugosity mainly reveals the slope of the seafloor, and does not resolve the presence of individual coral colonies and other fine benthic features. This is a common finding in our use of data at spatial resolutions of 3 m or coarser (data not shown). At finer resolutions afforded by the VSWIR mapping, the resulting rugosity maps revealed a much higher granularity of variation (Figure 6c,d) . In this example from Honaunau Bay, areas of high rugosity shown in red are large individual mound-or dome-forming coral colonies or groups of coral colonies in the genera Porites and Pavona on a background of gently sloping seafloor. Our experience with the maps indicated that most coral colonies larger than 1 m in diameter are resolved as high-rugosity locations shown in red (Figure 6c,d) . Notice that these coral colonies are roughly anti-correlated with seafloor slope as revealed in the SHOALS-based rugosity data (Figure 6a ). At finer resolutions afforded by the VSWIR mapping, the resulting rugosity maps revealed a much higher granularity of variation (Figure 6c,d) . In this example from Honaunau Bay, areas of high rugosity shown in red are large individual mound-or dome-forming coral colonies or groups of coral colonies in the genera Porites and Pavona on a background of gently sloping seafloor. Our experience with the maps indicated that most coral colonies larger than 1 m in diameter are resolved as highrugosity locations shown in red (Figure 6c,d) . Notice that these coral colonies are roughly anticorrelated with seafloor slope as revealed in the SHOALS-based rugosity data (Figure 6a ).
In the two research bays, median values of rugosity increased by about five times from shallow to deeper waters (Figure 7) . Variation in rugosity also increased with depth. However, neither minimum nor maximum rugosity changed significantly with depth, owing to the fact that flat sand patches and isolated areas of heightened 3D complexity, such as groups of coral colonies and rock outcrops, occur at all depths. Despite these extreme values of rugosity being similar across depth ranges, the distributions of 3D complexity broadened and decreased in skewness with depth in both Figure 6 . Reef rugosity using a 7-pixel moving window estimated water depth from (a) SHOALS (at native 6m spatial resolution) and (b) VSWIR imaging spectroscopy (averaged to 6m spatial resolution) in Honaunau Bay to 20 m ocean depth. These course-resolution rugosity maps are essentially maps of reef slope. For comparison, the high spatial resolution provided by the VSWIR spectrometer (65 cm) affords rugosity metrics at finer resolutions, shown here with (c) 21-pixel and (d) 7-pixel moving windows, which reveal coral colonies in red areas. Background satellite imagery © Google 2018.
In the two research bays, median values of rugosity increased by about five times from shallow to deeper waters (Figure 7) . Variation in rugosity also increased with depth. However, neither minimum nor maximum rugosity changed significantly with depth, owing to the fact that flat sand patches and isolated areas of heightened 3D complexity, such as groups of coral colonies and rock outcrops, occur at all depths. Despite these extreme values of rugosity being similar across depth ranges, the distributions of 3D complexity broadened and decreased in skewness with depth in both bays. The deepest areas of 20-25 m harbored near-normally distributed rugosities, whereas the shallower depths were more skewed to low-rugosity values. 
Discussion
We developed and successfully tested an approach for high spatial resolution mapping of nearshore bathymetry and reef complexity in two study embayments of Hawaiʻi island. Our bathymetric mapping results from high-fidelity imaging spectroscopy proved highly comparable to those derived from the benchmark SHOALS laser-based methodology. We showed that the use of spectroscopic data increased both the precision and accuracy of depth estimates over what can be obtained with broad multispectral bands often used for water depth estimation. This is especially important in water deeper than 10 m, where the red band provides only noise. Similar results have been found for a hyperspectral satellite data [34] . Any successful models derived from a small number of bands is likely to be highly site-dependent, tuned to local water properties, particularly chlorophyll and dissolved solids, as well as bottom color and albedo. A large number of degrees of freedom are needed to separate these confounding variables from water depth. While attempts have been made to make models more general [18] , these limitations of multispectral imagery have prevented progress in this area. 
We developed and successfully tested an approach for high spatial resolution mapping of nearshore bathymetry and reef complexity in two study embayments of Hawai'i island. Our bathymetric mapping results from high-fidelity imaging spectroscopy proved highly comparable to those derived from the benchmark SHOALS laser-based methodology. We showed that the use of spectroscopic data increased both the precision and accuracy of depth estimates over what can be obtained with broad multispectral bands often used for water depth estimation. This is especially important in water deeper than 10 m, where the red band provides only noise. Similar results have been found for a hyperspectral satellite data [34] . Any successful models derived from a small number of bands is likely to be highly site-dependent, tuned to local water properties, particularly chlorophyll and dissolved solids, as well as bottom color and albedo. A large number of degrees of freedom are needed to separate these confounding variables from water depth. While attempts have been made to make models more general [18] , these limitations of multispectral imagery have prevented progress in this area.
Our approach affords us the advantage to estimate water depths at spatial resolutions of much less than 1 m. Critically, we demonstrated the relative stability and repeatability of the approach among a wide range of ocean conditions (Table 1) . Some constraints limit the horizontal resolution and minimum detectable object size in laser-based systems, such as a high beam divergence needed to maintain eye safety and the difficulty of engineering a green laser with high power and short pulse width capability [35] . Regardless of sensor, working at finer resolution does come with challenges, as water surface features increasingly interfere with mapping. Surface waves affect predicted depth, both because of changes in actual water depth as well as increased refraction that changes path length from the ocean floor to water surface. Additionally, surface wind can cause small waves that both produce glint, or sunlight directly reflected back into the sensor from the water surface, and whitecaps. These issues can be mitigated by blending multiple flight passes over a given area. Glint is detectable using information in bands readily absorbed by water (typically near-infrared), meaning any reflectance in these bands is glint or noise.
Despite these challenges, the high-resolution approach is advantageous because it supports the ability to map 3D reef complexity at granularities approaching that of individual coral colonies. The imaging spectroscopy-based method thus provides both benthic topographic and biological information. Using our highest spatial resolution VSWIR measurements, our reef rugosity results indicated increasing 3D complexity with depth to 25 m. These results are in general agreement with our knowledge of both study bays, and can be qualitatively linked to an increase in live coral with depth. Wave action, combined with a major bleaching event in 2015, are known drivers of decreased 3D complexity in the 2-10 m range [36] . This was particularly apparent in the high-resolution rugosity results, such as in Figure 6 for Honaunau Bay, where nearshore reefs had low rugosity values (blue tones in Figure 6 ). We found similar results in Pāpā Bay (data not shown).
At depths exceeding 15 m, reef complexity increases with protection from both surface waves and recent thermal events. We also note that these results are not possible with the coarser SHOALS approach, where the resolution is sufficient to resolve benthic topography but not biological structural complexity (Figure 6a ). Monitoring changes in reef 3D complexity at high spatial resolution and over time will provide a means to assess the impacts of climate change and coastal processes that affect reef complexity. The cascading effects of these changes on fish, invertebrate, and other reef inhabitants will then be trackable through time.
Scaling up bathymetric and 3D reef complexity assessments from high-fidelity imaging spectroscopy will require additional airborne mapping since such instruments are not yet available from Earth orbit. Several spaceborne imaging spectrometer missions are planned or are in design phases now. For example, the NASA Surface Biology and Geology Mission (formerly HyspIRI) may be operated from low-Earth orbit in the mid-to-late 2020s [37] . However, this mission will provide high-fidelity spectroscopy at 30-45 m spatial resolution, which will preclude its use in applications at the resolutions of individual coral colonies. Several high spatial-resolution instruments (10-30 m resolution) are planned for deployments in Earth orbit, and that will be a major step toward large coral colony-scale benthic mapping. Despite these likely advances, a need for very high-resolution airborne approaches will certainly increase as reefs continue to undergo enormous yet largely unmeasured change in the coming years.
Conclusions
We developed a new approach for high spatial resolution (<1 m) mapping of nearshore bathymetry and three-dimensional habitat complexity (rugosity) using airborne high-fidelity imaging spectroscopy. We applied the method to two research bays on the Island of Hawai'i to ocean depths exceeding 25 m, and compared the results to the benchmark standard using laser-based SHOALS bathymetry. We showed that the increased detail afforded by imaging spectroscopy allows increased precision and accuracy over multispectral approaches. Our results proved consistent on repeat flights that incorporated a wide range of viewing and solar geometries and sea state conditions. We found that the spectroscopy-based results were comparable to those derived from SHOALS, but the former provides much higher spatial resolution depth and rugosity data. The spectroscopy-based approach thus affords mapping, monitoring, and analysis of coral colony scale changes in benthic composition. 
